Recent climate warming has been observed at the global scale, but by examining developmental stages of plant species (phenology) that are dependent on local climatic conditions, climate change at the local scale can be detected. There are four gardens in Ireland belonging to the International Phenological Gardens (IPG) network, which has recorded tree phenology for more than 30 years using a common collection of clonal tree species and cultivars. In this analysis two phenological stages were investigated */the beginning of the growing season (BGS) and the end of the growing season (EGS) */ in nine tree cultivars in relation to ambient air temperature. The length of the growing season (LGS) was determined from the number of days between BGS and EGS. Structural time series analysis was used to describe trends in the data. Overall BGS was the most responsive phenophase and was shown to start earlier in more recent years for some species at all sites. It is shown that these observations are due to recent climate change in the form of spring warming, particularly in the south-west of the country. Due to the limited number of observation sites and differences between species responses, we suggest that extrapolation of the results to larger geographical areas should be performed with caution.
INTRODUCTION
Climate change, attributed to human-induced emission of greenhouse gases into the atmosphere, is widely recognised as having potentially serious impacts on the global environment. Since the industrial revolution, atmospheric CO 2 concentrations have increased from approximately 280 mmol mol
(1 in 1750 to 365 mmol mol (1 at present, and will exceed 700 mmol mol
(1 by the end of the present century if emissions continue to rise as predicted (IPCC 2001) . In Europe, warming has been detected in the form of an increased mean annual air temperature of between 0.38C and 0.68C since 1900. Further increases of as much as 28C above the 1990 levels have been predicted by 2100 using climate models (EEA 1998) . There is now little doubt that climate is warming on a global scale, but change at a local level may be more variable and subtle and therefore more difficult to detect (IPCC 2001) . One approach to assessing effects of climate change at a local level is through establishing the relationships between developmental processes in living organisms (phenology) and seasonal climatic conditions and using these relationships as indicators of ambient climate.
Phenology is the study of the timing of periodic biological events in the animal and plant world as influenced by the environment (Schwartz 2003) . Records of long-term phenological observations on trees, such as the dates of leaf unfolding, flowering, leaf discoloration and leaf fall, provide historical information to indicate how plants have responded to variations in climatic conditions. There has been interest for many years among natural historians in the recording of phenological events, particularly across Europe. For example, the Royal Meteorological Society established a phenology network in 1875 (Sparks et al. 2000a) and Finnish phenological records go as far back as 1748 (van Vliet and de Groot 2001) . Despite changes in recording methods since the initiation of these programmes, the importance of these historic records as indicators of environmental and climate change is now well established (Sparks et al. 2000a ) and examination of long-term phenological data sets has provided measures of biological responses to climatic variation (Sparks and Carey 1995) . However, interpretation of these data records, in terms of identifying the exact causal relationship between climate and development, and extrapolation to larger geographic regions presents a challenging problem for environmental modellers (Schwartz 1999) .
In mid-latitudes, bud burst, leaf emergence and flowering of many species are dependent on spring air temperatures (Chmielewski and Rötzer 2001; Sparks et al . 2000b) . Numerous studies, particularly in Europe and North America (Ahas 1999; Beaubien and Freeland 2000; Chmielewski and Rötzer 2000; Menzel 2000; Sparks et al . 2000a; Defila and Clot 2001) have shown that the timing of spring events has become earlier, particularly since the 1970s, and the earlier onset of spring growth in plants in temperate climates (Schwartz 1999) has been used as an indicator of climate change. On the other hand, the timing of autumn events, such as leaf discolouring and leaf fall, has shown less change (Chmielewski and Rötzer 2000; Menzel 2000; Defila and Clot 2001) over the same time period. This suggests that the length of the growing season (LGS) is increasing mainly due to the earlier onset of spring and that factors such as photoperiod and increasing atmospheric CO 2 concentration may have a stronger influence than temperature on the timing of events at the end of the growing season.
In a recent review of indicators of climate change for use in Ireland, Donnelly et al. (2004) examined a broad range of published data in order to identify the most sensitive climate change indicators. Here, the authors demonstrated the potential usefulness of phenological observations on Tilia cordata as a climate change indicator. The purpose of this paper is to focus on a more complete data set at a much finer level of detail by examining the phenological records from a suite of tree species in the four Irish International Phenological Gardens to assess the usefulness of these observations as indicators of recent climate warming in Ireland. We have also used structural time-series analysis in preference to linear regression to fit models of phenological change over time. Although this type of analysis has been carried out on mainland Europe (Ahas 1999; Menzel 2000; Sparks et al . 2000a; Chmielewski and Rötzer 2001) , this is the first time that it has been done for Ireland on a national scale and the first time that structural time-series analysis has been applied.
MATERIALS AND METHODS

PHENOLOGICAL GARDENS
The International Phenological Gardens (IPG) network was established in 1957 by Schnell and Volkert (Chmielewski and Rötzer 2001) For the purpose of this study, data from nine tree cultivars (see Table 3 ) common to most of the Irish sites were analysed. Statistical analysis was performed on data collected between 1970 and 2000. The phenological stages recorded for each cultivar included beginning of leaf unfolding (i.e. beginning of the growing season) (BGS) and leaf fall (i.e. end of the growing season) (EGS). The length of the growing season (LGS) was calculated from the number of days between BGS and EGS. Beginning of leaf unfolding is recorded when the first regular surfaces of leaves become visible in several places (about 3 Á/4) on the observed plant. Leaf fall is recorded when half of the leaves of the observed plant have fallen. CLIMATIC DATA In order to test the relationships between phenological stages and climate, average monthly air temperature data from each site, provided by Met É ireann (the Irish Meteorological Service), were correlated with phenological stages.
STATISTICAL ANALYSES
The Pearson correlation statistic was used to test the sensitivity of the phenological stages to temperature. Linear regression was used to test the relationships between BGS and spring temperature and LGS and annual average temperature. A structural time-series model was used to analyse the trends in phenological stages over time at each site (Brockwell and Davis 1996) . This method uses a local linear trend model assuming a time-varying local slope. This stochastic trend will not generally show a monotonic increase or decrease over time. However, a test of significance of the slope may be carried out by looking at the t-statistic of the local slope estimator and treating it as asymptotically normal (de Jong 1989; Harvey 1989 ). This approach can handle missing data and is therefore particularly useful for phenological data, where missing or unreliable records can arise.
RESULTS
SPRING AIR TEMPERATURE RECORDS
Spring air temperature (average February to April inclusive) over the thirty-one year period 1970 Á/ 2000 was approximately 18C higher at Valentia than at JFK and at JC and half a degree higher than at NBG (Table 2) . Spring air temperature showed a clear indication of warming over this period at all sites. The greatest increase in spring temperature was at NBG (0.088C yr -1 ), followed by JC (0.058C yr -1 ) (Table 2) , while the increase at the other two sites was slightly less. At all sites the increase in annual average air temperature was less than the increase in spring temperature (Table 2) .
TIMING OF THE BEGINNING OF THE GROWING SEASON (BGS) AND THE END OF THE GROWING SEASON (EGS)
According to the results of a structural time series analysis, BGS at all sites has become significantly earlier since recording began for some, but not all, species/cultivars ( sudden 50-day delay in BGS ( Fig. 2) as a result of which the data were considered to be unreliable. Fewer data were available for the end of the growing season (EGS) than for BGS (Fig. 2) . Insufficient data for Prunus avium at JFK (Fig. 2f ii and 2g ii ) and Populus tremula at NBG (Fig. 2e iii ) has prevented effective statistical analysis. Also, very little consecutive data were available for Populus at JFK (Fig. 2d ii and 2e ii ) so that statistical analysis was less reliable than for the other data sets. At Valentia, seven of the nine species/cultivars observed showed a later EGS (Table 3 ; Fig. 2) . At sites other than Valentia, although the majority of species showed no change in the date on which leaf fall occurred over the observation period, some showed a trend towards earlier EGS. For example leaf fall is now occurring later than in the 1970s for Betula pubescens at JFK and Populus canescens at NBG.
CORRELATION OF BGS WITH TEMPERATURE
There were significant negative correlations between the average spring air temperature (February to April inclusive) and BGS at most sites over the period from 1970 to 2000 (Table 4) . At Valentia and JFK, an increase of 18C in average spring temperature resulted in an advance of BGS by approximately seven days and four days, respectively, and at both locations Populus showed a greater advancement than the other species/ cultivars (Table 4) . For most cultivars at JC an increase in spring temperature of 18C resulted in BGS advancing by seven days but at NBG only one species (Prunus avium ) showed such a trend.
LENGTH OF GROWING SEASON (LGS)
At Valentia the length of the growing season, as indicated by the number of days between BGS and EGS, increased for all trees except Betula over the thirty-one years from 1970 to 2000 (Table 3 ; Fig. 2 ). In contrast, only a small number of trees at the other sites showed any increase in the length of the growing season. Consequently, at Valentia there was a significant correlation between LGS and average annual air temperature but there was no relationship at the other sites (Table 4) . At Valentia an increase of 18C in annual temperature resulted in an increase in LGS of between 9 days for Sorbus aucuparia and 29 days for Fagus sylvatica 'Tri' (Table 4) .
DISCUSSION
We have used structural time-series analysis to model the trends in tree phenophases over time. In the past, linear regression has been the most widely used model for describing trends in this type of data but this approach has been found to be unsatisfactory in dealing with stochastic variation in climate data (Chmielewski and Rötzer 2001) . The natural stochastic variation of temperature through the years introduces a level of noise that can remove meaningful estimation of change by linear regression. Indeed, the proportion of variance explained by linear regression in our study was extremely small (i.e. R 2 ranged between 0.002 and 0.50 for BGS). In contrast, the structural time series analysis used here takes seasonal and yearly stochastic variations into account. It is capable of isolating the effect of climate change from the noise and allows a much better characterisation and testing of the trend in the current data (Brockwell and Davis 1996) . As the unfolding of leaves is primarily a response to ambient temperatures prior to and during the process (Chmielewski and Rötzer 2001) , the beginning of the growing season (BGS) correlated with spring (February Á/April) air temperatures, at least for some species, at all phenological gardens in Ireland. Overall, the phenological responses over the period 1970 Á/ 2000 clearly showed advances in BGS. According to this data an increase of 18C in average spring temperature leads to an averaged advance in leafing of approximately one week. This is in agreement with Sparks et al. (2000a) and Chmielewski and Rötzer (2001) , who also reported that BGS of trees across Europe advanced by approximately one week as a result of a 18C increase in spring air temperature. However, this averaged spring advancement has been shown to vary depending on location and species. Likewise, in Ireland, at the south-western site (Valentia), Populus showed the greatest advancement in BGS.
When analysing phenological data on leaf unfolding for the period 1969 to 1998 for a group of four species (Betula pubescens, Prunus avium, Sorbus aucuparia and Ribes alpinum ) across Europe, Rötzer and Chmielewski (2000) and Chmielewski and Rötzer (2001) found a six-day per decade advancement for the British Isles/Channel Coast region, which included Ireland. The average advancement for the whole of Europe was three days per decade according to Chmielewski and Rötzer (2001) , while a two-day per decade advancement was reported by Menzel (2000) based on 751 observations from the International Phenological Gardens across Europe between 1951 and 1996. A possible reason for the different values reported by these authors is that different species were used in each study. According to Chmielewski and Rötzer (2001) BGS for the whole of Europe is expected to advance by seven days with an increase of 18C in spring temperature.
In this analysis we have adopted a simplistic model in which leaf unfolding is assumed to be directly proportional to average spring temperature. An alternative approach is to hypothesise that leaf unfolding is controlled by accumulated temperature above a threshold. Furthermore, there may also be additional environmental drivers such as winter chilling temperatures and photoperiod. More complex models that incorporate these factors are currently being developed from experiments carried out in controlled environment chambers where these factors can be varied independently.
The danger of attributing advancing BGS simply to average spring temperature is illustrated by a comparison of the data obtained from the National Botanic Gardens and Valentia. Even though the recorded spring air temperatures at NBG increased at a faster rate than at Valentia, this was not reflected in an earlier start to leafing for some species/cultivars. The answer to this anomaly may lie in the fact that the average spring temperature was higher at Valentia and possibly more significantly, the minimum temperature was also higher. If phenological models of leaf development assume that temperate trees require a threshold temperature of between 08C and 58C before there is a proportional response to increasing temperature (Rötzer et al. 2004) , our data shows that a threshold temperature will not have been reached as often at NBG as at Valentia, with the result that all species have shown earlier leafing at Valentia.
At all Irish sites some, but not all, of the species have shown a progressively later end of the growing season (EGS) over the observation period. As was the case for spring events, the strongest signal came from the south-west of the country at Valentia. However, an earlier onset to EGS was found for some species (e.g. Betula pubescens at JFK) and similar results have been reported in both the British Isles/Channel Coast (Chmielewski and Rötzer 2001) and Germany (Menzel et al. 2001) . Menzel et al. (2001) also observed both later and earlier autumn events for many species across Germany, but they stressed that autumn events were less sensitive to a change in climate than spring events, due to the influence of other environmental triggers such as day length. In other research, autumn phenophases have been advanced, delayed or failed to change in the same cultivar/species across large geographical areas, indicating a possible site specific nature of the phenological responses (Sparks and Carey 1995) . Consequently, great care must be exercised in attempting to extrapolate phenological responses across large areas.
For many species the length of the growing season (LGS) increased due to both an earlier start to the growing season and a delay in the date on which leaf fall occurred. The greatest increase in LGS was observed in the south-west of the country at Valentia. At other European locations where LGS has increased, it has also been due primarily or exclusively to an earlier start to spring (Rötzer and Chmielewski 2000; Chmielewski and Rötzer 2001; Menzel et al. 2001) . At Valentia, for those species that responded, an increase of 18C in annual average temperature resulted in an average twoweek extension to LGS, whereas the average increase at the other Irish sites was five days. Chmielewski and Rötzer (2001) also reported a five-day lengthening of the growing season for Europe as a whole, while White et al . (1999) found a similar extension for the eastern USA with an increase of 18C in annual average temperature.
The results of this study have shown that in Ireland, along with an increase in mean spring and mean annual temperature, the timing of phenological events has advanced in the case of BGS and delayed in the case of EGS over the last 30 years, particularly in the south-west of the country. However, the spring phenological response could not be explained simply by average spring temperature, indicating an influence of other environmental factors on phenology. Consequently, average spring temperature in Ireland may not be a reliable predictor of BGS. The challenge is now to isolate the precise temperature Table 4 * /correlation between the average spring (February to April) air temperature and the beginning of the growing season (BGS) and the average annual temperature and the length of the growing season (LGS).
variables and other environmental conditions that are influencing BGS. Further investigation is being carried out to establish what these environmental factors might be. As with all environmental indicators care must be taken in defining both the indicator, in this case phenophase, and the parameter being indicated, in this case average spring temperature. While it is widely accepted that temperature is a driver of phenology, the temperature influence on spring phenophases appears to be far more subtle and complex than average spring temperature.
